The primary hypothesis of this report is that the formation and subsequent removal of fibrin in specific tissues during pathologic processes reflects temporal changes in the local expression of key procoagulant and fibrinolytic genes. To begin to test this hypothesis, we have used quantitative PCR assays and in situ hybridization analysis to examine the effects of endotoxin on the expression of specific genes in murine tissues, and to relate these changes to fibrin deposition/dissolution using immunohistochemical approaches. Endotoxin caused large increases in plasminogen activator inhibitor-1 mRNA and modest increases in tissue factor mRNA in most tissues examined. However, fibrin was only detected in the kidneys and adrenals of endotoxin-treated mice, and it was transient. Unexpectedly, changes in urokinase-type plasminogen activator mRNA but not tissue-type plasminogen activator mRNA correlated with fibrin deposition/dissolution in these tissues. Pretreatment of mice with the fibrinolytic inhibitor epsilon-aminocaproic acid before endotoxin increased both the number of fibrin-positive tissues and the duration of fibrin deposition in the kidneys and adrenals. These results suggest that the absence of fibrin in some tissues reflects ongoing local fibrinolysis, and that increases in plasminogen activator inhibitory and tissue fac-tor gene expression and decreases in urokinase-type plasminogen activator expression are necessary for tissue-specific fibrin deposition. Changes in tissue-type plasminogen activator gene expression do not appear to be essential for fibrin deposition/dissolution […]
Introduction
Sepsis caused by gram-negative bacteria is frequently associated with thrombotic complications manifested as dissemi-nated intravascular coagulation (DIC) 1 (1, 2) . Septic shock with multiple organ failure is characterized histologically by cell damage, tissue necrosis, and vascular disruption because of microvascular and extravascular fibrin deposition in many organs (3) . Endotoxin (lipopolysaccharide, LPS), one of the toxic principles of gram-negative bacteria, activates inflammatory cells, causing them to synthesize and release several endogenous mediators that contribute to the pathophysiologic process of septic shock (4) . Studies in animals and in cultured cells have shown that a procoagulant state develops after exposure to LPS, and that this condition is largely due to the conversion of the endothelium from a thromboresistant to a thrombogenic surface (5) . However, the molecular link between sepsis and intravascular or extravascular thrombosis remains to be elucidated.
Tissue factor (TF) is the primary cellular initiator of the coagulation protease cascade (6) and serves as a cell-surface receptor and specific cofactor for plasma Factors VII/VIIa (7) . Activation of this cascade results in the generation of thrombin and the conversion of fibrinogen into fibrin. Exposure of endothelial cells and monocytes to LPS in vitro induces the expression of TF (8, 9) . Aberrant expression of TF may be responsible for thrombotic episodes in patients with a variety of clinical disorders, including gram-negative sepsis (10) . In addition, there is in vivo evidence indicating that TF plays a significant role in the coagulation response during endotoxemia in rabbits and baboons (11, 12) , and that TF mRNA is upregulated in kidneys and lungs of LPS-injected mice (13) .
Plasminogen activators (PAs) are serine proteases that convert the zymogen plasminogen into the active serine protease plasmin (14) , the primary enzyme responsible for the removal of fibrin deposits. There are two types of PAs, tissuetype (t-PA) and urokinase-type (u-PA), and these are the products of separate genes (15) . t-PA is synthesized by endothelial cells in normal blood vessels (16) and displays relatively high affinity for fibrin (17) , suggesting that it functions predominantly in physiological thrombolysis in vivo (18) . In contrast, u-PA is produced and secreted by a variety of migrating cell types (15, 19) and binds to and functions on a cell surface receptor (20) . It is considered to be involved primarily in extracellular proteolysis accompanying tissue remodeling and cell invasion (15, 21) . Plasminogen activator inhibitor-1 (PAI-1) is a rapid and specific inhibitor of both t-PA and u-PA and may be the primary regulator of plasminogen activation in vivo (22) . Elevations in PAI-1 activity also have been demonstrated in a number of clinical conditions associated with a predisposition to thrombosis (23, 24) , including sepsis. In this re-gard, PAI-1 mRNA is induced by LPS in rat (25) and murine tissues (26) and this increase is detected primarily in vascular endothelial cells (27) . PAI-1 mRNA is also positively regulated by tumor necrosis factor-␣ and transforming growth factor-␤ (TGF-␤ ) (26).
In spite of the increasing number of reports about the effects of LPS on the synthesis of t-PA, u-PA, PAI-1, and TF in vivo, information about how these changes in gene expression contribute to fibrin deposition in tissues is lacking. In this report, we used PCR-based assays to investigate the effects of LPS on t-PA, u-PA, PAI-1, and TF gene expression in various murine tissues and immunohistochemical staining to relate these changes to fibrin deposition/dissolution. Fibrin deposition was detected only in kidneys and adrenals of LPS-treated mice, and this pathological condition correlated with significant increases in PAI-1 and TF gene expression and dramatic decreases in u-PA. Fibrin was not detected in other tissues with less remarkable decreases in u-PA mRNA, and changes in t-PA expression did not appear to correlate with fibrin deposition or dissolution in this model. These observations suggest that fibrin deposition/dissolution in tissues is regulated by temporal changes in the local expression of TF and PAI-1, and that alterations in u-PA gene expression play a critical role in these processes.
Methods

Experimental protocols
2-mo-old adult male CB6 mice (BALB/c/ByJ ϫ C57B16/J; Scripps Clinic Rodent Breeding Colony, La Jolla, CA), weighing 25-30 grams, were used for all experiments. Mice were injected intraperitoneally either with 50 g LPS (2.0 mg/kg) ( Escherichia coli serotype O111:B4; Sigma Chemical Co., St. Louis, MO) in 200 l of saline (Baxter Healthcare Corp., Deerfield, IL), or with saline vehicle alone. At the indicated times, the mice were killed by overdose inhalation anesthesia with methoxyflurane (Pitman-Moore, Mundelein, IL), and immediately perfused for 15 min through the left ventricle into the opened vena cava at an approximate rate of 600 l/min of cold PBS using a peristaltic pump. Large perfusion volumes were used to remove contaminating fibrinogen from the blood vessels, and immunohistochemical staining using the antifibrinogen/fibrin antibody demonstrated the success of this approach (see below). The tissues were perfused further with chilled 4% paraformaldehyde for 15 min, and then removed surgically, fixed overnight in fresh 4% paraformaldehyde, and embedded in paraffin. In some experiments, mice were preinjected intraperitoneally with 200 l of saline containing 20 mg epsilon-aminocaproic acid (EACA) to reach a final concentration of 50 mM in plasma (28) 1 h before LPS injection. The tissues were then perfused, removed, and fixed as above. Total RNA was prepared from unfixed tissues by the acid guanidium thiocyanate-phenol-chloroform method as previously described (29) and then quantitated by measuring absorption at 260 nm. The integrity of the 18S and 28S ribosomal RNA was monitored by electrophoresing 10 g of total RNA through a 1.2% agarose/formaldehyde gel.
Quantitative PCR
The following reagents and approaches were used.
Oligonucleotide primers for PCR amplification. The sequences of oligonucleotide primers used both for the construction of the control plasmid and for PCR amplification are shown in Table I . The expected size of the predicted PCR products resulting from endogenous mRNA or from the cRNA standard is also shown. We designed and synthesized primers for a number of potential target murine genes, including t-PA (30), u-PA (31), PAI-1 (32), TF (33), TGF-␤ (34), vitronectin (35), von Willebrand factor (36) , and ␤ -actin (37), using a DNA synthesizer (Applied Biosystems, Inc., Foster City, CA). In addition, complementary linkers that span adjacent primers (38) for target genes were also synthesized.
Construction of PCR template. A synthetic DNA template composed of oligomers specific for a variety of fibrinolytic and coagulation genes (Table I) was constructed by cloning fragments containing either 5 Ј or 3 Ј primers into pBluescript II KS ϩ (Stratagene, La Jolla, CA). Briefly, individually phosphorylated 5 Ј and 3 Ј primers, together with their complementary linkers as described above, were mixed together, heated at 95 Њ C for 10 min, and annealed by slowly cooling to Synthesis of the cRNA standard. The above plasmid was linearized by digestion with KpnI, and a cRNA standard was prepared from it by in vitro transcription from the T7 promoter using the Riboprobe Gemini II in vitro transcription system according to the manufacturer's instructions (Promega Corp., Madison, WI). The cRNA was subsequently treated with RNase-free RQ1 DNase (Promega) to remove the template DNA, extracted twice with phenol/chloroform, ethanol precipitated, and quantified by absorbance at 260 nm. Finally, the purified cRNA standard (523 nucleotides) was adjusted to a concentration of 10 12 molecules/ l.
Quantitative determination of mRNA for target genes by competitive RT-PCR. The cRNA standard described above was used to determine the concentration of each target mRNA in murine tissues according to the procedure described by Wang et al. (39) . To estimate the amount of cRNA standard required to achieve approximately equal band intensity after PCR (30 cycles) for both the target and the standard products, 1 g of total tissue RNA from control mice was reverse transcribed in the presence of 10-fold serial dilutions of cRNA standard. The reverse transcription (RT) and PCR were carried out using a Gene Amp RNA PCR kit (Perkin-Elmer/Cetus Corp., Norwalk, CT), as previously described (40). Thereafter, 1 g of total tissue RNA and a fixed amount of cRNA standard as determined above were combined and reverse transcribed. To ensure the linearity of the amplification reaction, serial twofold dilutions of the RT mixture were amplified through 30 cycles. The PCR amplification solution contained 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 2 mM MgCl 2 , 0.15 M of 5 Ј primer including 5 ϫ 10 5 cpm of 32 P-end-labeled oligonucleotide, 0.15 M of 3 Ј primer, and 1 U of Taq polymerase. To quantitate the results, 20 l of each PCR reaction mixture was electrophoresed on a 2 or 2.5% agarose gel, and the gels were stained using ethidium bromide. The respective bands were excised from the gel using a razor blade, and the incorporated radioactivity was determined using unquenched scintillation counting. Radioactivity in the PCR product was plotted against the template concentration, using a double-logarithmic scale, and the number of molecules of target mRNA was determined as described (39) by extrapolation using the cRNA standard curve. The estimation of the concentration of each endogenous target mRNA was calculated as follows:
where No. of nucleotides of full-length mRNA is 3,200 for PAI-1; 1,800 for TF; 2,800 for t-PA; 2,300 for u-PA; where 321 is the average molecular weight of one base; and where 6.023 ϫ 10 23 is Avogadro's number.
Riboprobe preparation
The EcoRI/SphI fragment containing nucleotides 1-1085 of the mouse PAI-1 cDNA (32) and the 821-bp mouse TF cDNA fragment containing nucleotides 229-1049 (13) were cloned into the vector pGEM-3Z (Promega), respectively. Both the 2519-bp EcoRI fragment of the mouse t-PA cDNA (30) , subcloned into the vector pBluescript II KS ϩ , and the 1983-bp XbaI/SmaI fragment of the mouse u-PA cDNA (31) , subcloned into the vector pSP64 (Promega), were provided by Dr. S. Strickland (State University of New York).
of nucleotides of full-length mRNA for target gene] 321 10 12 ϫ ϫ 6.023 10 23 ; ϫ
The 1076-bp XbaI/HindIII fragment of the mouse u-PA cDNA was then cloned into the vector pGEM-3Z. These vectors were linearized and used as templates for in vitro transcription of radiolabeled antisense or sense riboprobes using SP6, T3, or T7 RNA polymerase (Promega), respectively, in the presence of [ 35 S]UTP ( Ͼ 1,200 Ci/ mmol; Amersham Corp., Arlington Heights, IL).
In situ hybridization
In situ hybridizations were performed as described previously (41) . After hybridization, the slides were dehydrated by immersion in a graded alcohol series containing 0.3 M NH 4 Ac, dried, and either placed directly on XAR-5 film (Eastman Kodak, Rochester, NY), for regional autoradiography, or coated with emulsion for high resolution autoradiography. For regional autoradiography, the films were developed and photographed after incubation in the dark at room temperature for 2 wk. For high resolution autoradiography, the slides were coated with NTB2 emulsion (Kodak; 1:2 in water), and exposed in the dark at 4 Њ C for 3-8 wk. Slides were developed for 2 min in D19 developer (Kodak), fixed, washed in water (3 ϫ 5 min), and counterstained with hematoxylin and eosin. In all cases, parallel sections were analyzed using a sense probe as the control for nonspecific hybridization. No specific hybridization signal could be detected in these control hybridizations.
Immunohistochemistry
Immunohistochemical staining was performed using the HISTO-STAIN-SP kit (Zymed Laboratories, South San Francisco, CA), as described previously (41) with minor modifications. Briefly, the tissue sections were deparaffinized, treated with 2% hydrogen peroxide, and incubated with 10% normal goat serum for 30 min. The slides were then incubated with 10 g/ml of rabbit anti-mouse fibrinogen/ fibrin antibody (a kind gift of Dr. E. Plow, Cleveland Clinic) containing 0.1% goat serum at 4 Њ C overnight, followed by incubation for 1 h at 25ЊC. In control experiments, tissues were incubated with preimmune (normal) rabbit IgG instead of the primary antibody. The slides were then washed and treated sequentially with biotinylated goat anti-rabbit IgG (Zymed Laboratories), streptavidin-peroxidase conjugate (Zymed Laboratories), and aminoethylcarbazole chromogen containing 0.03% hydrogen peroxide (Zymed Laboratories). After rinsing in distilled water, the slides were counterstained with Gill's modified hematoxylin, rinsed well with tap water, and mounted in GVA-mount (Zymed Laboratories). Although the antiserum used for these experiments detects both fibrinogen and fibrin, contaminating fibrinogen did not appear to be a problem. The specificity of the antibody for fibrin in the extensively perfused tissues was indicated by the absence of staining in all tissues from control mice and most tissues from LPS-treated mice (see for example Figs. 5-7).
Results
Distribution of t-PA, u-PA, PAI-1, and TF mRNAs in normal murine tissues. To examine the expression of the t-PA, u-PA, PAI-1, and TF genes in vivo, total RNA was extracted from tissues of adult male CB6 mice and the concentration of each mRNA was determined by PCR-based assays as described in Methods. In the initial experiments, the level of each target mRNA was examined semiquantitatively by RT-PCR using 1 g total tissue RNA in the presence of 10 5 molecules of cRNA standard ( Fig. 1 A) . The relative expression level of the target mRNA in the tissues was approximated by comparing the ratio between the intensities of the target and standard band for each gene. The concentration of each mRNA was then determined in separate experiments ( Fig. 1 B) using quantitative PCR as described in Methods. In brief, t-PA mRNA was detected in all tissues examined, although the concentrations var-ied over a wide range. The highest concentration was in the brain, followed by the adipose tissue, heart, kidney, testis, and lung. The distribution of u-PA mRNA was more restricted than that of t-PA since it could only be detected in 8 of the 13 tissues examined. The kidney contained by far the highest concentration, followed by the thymus and adipose tissue. Relatively low concentrations of u-PA mRNA were present in the heart, lung, adrenal, brain, and testis, and none was detected in Figure 1 . Tissue distribution of t-PA, u-PA, PAI-1, and TF mRNAs. (A) Competitive PCR was performed after co-RT using 1 g total tissue RNA and 1 ϫ 10 5 molecules of cRNA standard. The PCR products were fractionated by 2% agarose gel electrophoresis and stained with ethidium bromide. In each case, the top band is the PCR product derived from the endogenous (target) mRNA and the bottom band is the PCR product from the cRNA standard. The size of each PCR product is shown in Table I . The relative concentration of each mRNA in the tissues can be approximated by comparing the intensity of bands between the target and the standard. (B) The results shown in A were used to optimize the relative concentration of cRNA standard to be used in the more quantitative assay using 32 P-labeled primers as described in Methods. The concentration of each mRNA in the tissues is expressed as picograms of specific mRNA per microgram of total tissue RNA. Each value is the mean for three independent experiments from three adult CB6 mice. K, kidney; Li, liver; H, heart; Lu, lung; B, brain; S, spleen; Th, thymus; Te, testis; Adr, adrenal; Ao, aorta; Mu, muscle; Gu, gut; Adi, adipose. the liver, spleen, gut, aorta, and skeletal muscle, even after 35 cycles of PCR amplification in the absence of cRNA standard (data not shown). PAI-1 mRNA was also detected in all tissues examined, with the aorta containing the highest concentration, followed by the heart, adipose tissue, and lung. Surprisingly, TF mRNA was also detected in all tissues examined, with the highest concentration in the lung and brain. Intermediate levels of TF mRNA were present in the adipose tissue, testis, aorta, kidney, and heart.
Effects of LPS on the levels of t-PA, u-PA, PAI-1, and TF mRNAs in various tissues. LPS has been reported to alter the expression of many hemostatic genes in vivo (42, 43 ). Fig. 2 shows the time courses for LPS-induced changes in the levels of t-PA, u-PA, PAI-1, and TF mRNAs in several tissues. Maximal induction of PAI-1 mRNA (Fig. 2, closed circles) was observed at 3 h in the kidney (56-fold), lung (28-fold), adrenal (25-fold), and heart (7-fold). Although not shown, the greatest induction of PAI-1 mRNA occurred in the liver where it was increased 110-fold at 3 h and 200-fold at 8 h after LPS-administration. Endotoxin injection also caused a slight increase in t-PA mRNA (Fig. 2, open squares) in all tissues examined. In contrast to these results, u-PA mRNA (Fig. 2, open circles) was markedly decreased in the kidney (85% reduction), adrenal (79%), and heart (76%) within 8 h after LPS. LPS did not alter the level of u-PA mRNA in the lung. u-PA and t-PA mRNAs in the liver were too low to be quantitated either before or after LPS (not shown). Finally, expression of TF (Fig. 2, closed  squares) was elevated in the kidney (three-to sixfold), lung (two-to threefold), and adrenal (two-to threefold), while it was decreased in the heart (70-80% reduction) and liver (50-80% decrease; not shown) at 3 and 8 h after LPS treatment. We observed no significant changes in the concentration of the four mRNAs in the brain after LPS (data not shown). ␤-Actin mRNA levels remained unchanged after LPS injection in all tissues examined (data not shown).
Localization of t-PA, u-PA, PAI-1, and TF mRNAs in the kidney. The distribution and effects of LPS on the expression of t-PA, u-PA, PAI-1, and TF mRNAs in the kidney were determined at the regional level by hybridizing kidney sections to 35 S-labeled cRNA probes and analyzing the results by autoradiography ( Fig. 3) . PAI-1 mRNA was not visible in control kidney but dramatically increased throughout the kidney at 3 and 8 h after LPS injection, declining to basal levels by 24 h (Fig. 3,  A-D) . In contrast, u-PA mRNA was most prominent in the medulla of control kidney (Fig. 3 E) and specifically decreased in this region at 3 and 8 h after LPS injection (Fig. 3, F and G) . The concentration of u-PA mRNA returned to control levels by 24 h (Fig. 3 H) . t-PA mRNA was mainly detected in the renal cortex and the papilla and appeared to increase slightly at 3 and 8 h after LPS (Fig. 3, I-L) . Although TF mRNA was not detected in control kidney, it was induced by LPS in the renal cortex, with the maximal increase at 8 h ( Fig. 3, M-P) . In general, these observations agree with the data obtained by quantitative PCR (Fig. 2) .
High resolution microscopic analysis of the in situ hybridization slides (Fig. 4 ) not only confirmed the results shown in Fig. 3 , but also extended them by providing insights into the identity of the positive cells. For example, although no PAI-1 mRNA was detected in the control kidney ( Fig. 4 A) , a strong hybridization signal was apparent in the glomeruli and in the peritubular regions of kidneys from LPS-treated mice (Fig. 4  B) . The positive cells in these regions were previously identified as glomerular and peritubular endothelial cells (41) . The strong signal for u-PA in control kidney ( Fig. 3 E) was also lo- calized to tubular epithelial cells (Fig. 4 C) and it was reduced significantly by LPS ( Fig. 4 D) . The t-PA signal in control kidney ( Fig. 3 I) was localized to unidentified cells within the glomeruli (Fig. 4 E) and it appeared to be increased in kidneys from LPS-treated mice (Fig. 4 F) . Finally, no TF mRNA was detected in control kidneys ( Fig. 4 G) but a strong signal was apparent in tubular epithelial cells ( Fig. 4 H) of kidneys from LPS-treated mice.
Fibrin deposition in the tissues of LPS-treated mice. Experiments were performed to determine whether these local changes in the expression of procoagulant and fibrinolytic genes ( Figs. 2-4 ) correlated with fibrin deposition/dissolution in these tissues. In these experiments, the presence of fibrin was evaluated using immunohistochemical staining as described in Methods. Fibrin was not detected in control kidneys using this approach ( Fig. 5 A) , but it was readily demonstrated in glomerular and peritubular capillaries in the kidney at 3 h after LPS injection ( Fig. 5 B) . However, the presence of fibrin was transient, decreasing at 8 h and disappearing by 24 h (Fig.  5, C and D) . A similar pattern of transient fibrin deposition in microvessels was also observed in adrenals from LPS-treated animals (Fig. 5, E-H) . In contrast to these results, fibrin was not detected at any time in other tissues examined, including the lung, heart, liver, and brain (Fig. 6, A-D) .
Effect of EACA on fibrin deposition in tissues from LPStreated mice. One possibility to account for the absence of fi-brin in many tissues from LPS-treated mice (e.g., lung, heart, liver, and brain) is that fibrin is formed in these tissues but rapidly lysed because of ongoing endogenous fibrinolysis. One way to test this hypothesis is to eliminate the influence of the fibrinolytic system in LPS-treated mice. Thus, mice were pretreated with EACA to inhibit plasminogen activation, and then treated with LPS. Under these conditions, we observed microvascular fibrin deposition in the lung, heart, and liver at 3 and 8 h after LPS injection (e.g., in microvessels in the myocardium, in pulmonary capillaries surrounding alveoli, and in sinusoids in the liver; Fig. 6, E-G) . We attempted to quantitate these results by counting the number of fibrin-positive fields per 30 microscopic fields in various tissue sections. As Fig. 7 demonstrates, fibrin was not detected in any tissues from mice treated with EACA alone (0 time points), while fibrin in the lung, heart, and liver was dramatically increased after treatment with both EACA and LPS. Moreover, the presence of fibrin in kidneys and adrenals from EACA-pretreated mice was apparent for longer periods of time than in mice treated with LPS alone. Although no fibrin was detected in the brain at 3 h after treatment with EACA and LPS ( Fig. 6 H) , very low levels were detected at 8 h after treatment with both agents (Fig.  7) . In general, fibrin deposition was still transient, even in the presence of EACA. The transient nature of the fibrin in the presence of EACA probably reflects the fact that the half-life of EACA is relatively short (44) . In any case, these results demonstrate that both the number of fibrin-positive tissues and the duration of fibrin deposition in them were increased by administration of EACA before endotoxin.
Discussion
The primary hypothesis of the experiments summarized in this report is that fibrin deposition/dissolution in specific tissues during pathologic processes reflects temporal changes in the local expression of key procoagulant and fibrinolytic genes. To begin to address this hypothesis, we have determined the normal tissue distribution of TF, PAI-1, t-PA, and u-PA mRNAs in the mouse, and then treated mice with LPS to induce fibrin deposition. We then attempted to relate the presence of fibrin in tissues to changes in the expression of these genes. We have focused on TF, PAI-1, t-PA, and u-PA since each of these genes has been implicated in fibrin formation or removal and each is regulated during inflammatory/thrombotic events. The presence of fibrin was determined immunohistochemically. Moreover, sensitive-quantitative PCR assays were developed to determine the concentrations of these mRNAs in tissues since these genes were expected to be expressed in many tissues at levels below the detection level of Northern blot analysis. The sensitivity of PCR has been reported to be at least 1,000-fold higher than that of Northern blotting (39, 45, 46) . The detection limit of our system was 400-500 molecules ‫ف(‬ 0.001 pg) of endogenous target mRNA/g of total tissue RNA (data not shown). Because the cRNA standard used in these studies was designed to contain specific sequences for each gene, the concentrations of several mRNAs could be directly compared using the same standard (39) .
In general, the tissue distribution and concentration of these mRNAs as determined by quantitative PCR (Fig. 1 B) was similar to that determined previously using ribonuclease protection assays (26) or Northern blotting approaches (13, 47, 48) . For example, PAI-1 and t-PA mRNAs were detected in all tissues examined, although their concentrations varied over a wide range, and the expression of u-PA was more restricted than that of the other genes, with the highest concentration by far being in the kidney. However, there were also some differ- arrows denote peritubular endothelial cells). Slides were exposed for 6 wk at 4ЊC and then stained with hematoxylin and eosin. C and D show the u-PA mRNA signal in the outer medulla of control mice (C, ϫ400) and LPS-treated (3 h) mice (D, ϫ400). Arrowheads denote positive signals in tubular epithelial cells in both panels. Slides were exposed for 3 wk at 4ЊC. E and F show t-PA mRNA in the renal cortex of control mice (E, ϫ400) and LPS-treated (3 h) mice (F, ϫ400). Arrowheads denote positive signals in glomerular cells in both panels. Slides were exposed for 6 wk at 4ЊC. G and H show the TF mRNA signal in the renal cortex of control mice (G, ϫ400) and LPS-treated (8 h) mice (H, ϫ400). Arrowheads denote positive signals in tubular epithelial cells. Slides were exposed for 8 wk at 4ЊC. No specific hybridization signal could be detected in parallel sections using 35 S-labeled sense probes for nonspecific hybridization. G, glomerulus; T, tubule. ences. For example, although we could not detect TF mRNA in the spleen, gut, thymus, muscle, and liver by Northern blotting (13) , it was readily demonstrated in these tissues by using quantitative PCR. Interestingly, we observed relatively high levels of all four mRNAs in adipose tissue, suggesting that the fat in tissues may influence tissue and possibly systemic fibrinolysis.
Once the distribution of t-PA, u-PA, PAI-1, and TF mRNAs was established in normal murine tissues, we began to investigate how the expression of these mRNAs was altered in selective tissues in response to LPS (Fig. 2) . PAI-1 mRNA was rapidly induced in most tissues, with the most pronounced increase in the liver, kidney, adrenal, and lung. The steady state levels of TF mRNA were also increased by LPS in most tissues examined, although they were decreased in the heart and liver. The increases in TF and PAI-1 expression should simultaneously activate the coagulation cascade and inhibit the fibrinolytic system, and thus together would be expected to contribute to the hypercoagulable state induced by endotoxin. Although LPS also slightly stimulated t-PA mRNA expression in most tissues examined, this increase may not be associated with increased t-PA activity because of the concomitant and significantly higher upregulation of PAI-1 gene expression in the same tissues ( Fig. 2) (25, 42) . Unexpectedly, and in contrast to the effects of LPS on t-PA gene expression, LPS caused significant decreases in u-PA mRNA levels in several tissues. This LPS-induced decrease in u-PA mRNA was most pronounced in the kidney and adrenal and occurred with kinetics that were similar to those observed for the deposition of fibrin in these tissues (see below).
Endotoxemia in humans is frequently associated with widespread DIC and multiple organ failure (49) . However, fibrin deposition after LPS administration to the mouse was restricted to the renal and adrenal vasculature (Fig. 5) , and it was transient. This observation is consistent with the idea that the local expression levels of procoagulant and fibrinolytic genes in the tissues may be more important for fibrin deposition than the circulating levels of these proteins. In situ hybridization demonstrated increased PAI-1 mRNA in renal glomerular and peritubular endothelial cells in endotoxemic mice (41) (Fig. 4) , and previous immunohistochemical experiments showed increased PAI-1 antigen in the same cells (41) . LPS significantly elevated PAI-1 mRNA in vascular endothelial cells in murine adrenals as well (data not shown). The dramatic induction of PAI-1 gene expression in cells on the luminal surface of the vascular wall should contribute to LPS-induced microvascular fibrin deposition in both tissues. The large increase in PAI-1 expression throughout the kidney and adrenal seems to be essential for fibrin deposition in both tissues since fibrin was not detected in kidneys and adrenals of PAI-1-deficient mice treated with LPS (our unpublished observation) (these animals were kindly provided by Dr. P. Carmeliet and Dr. D. Collen, University of Leuven) (50) . In situ hybridization experiments also revealed a dramatic decrease in u-PA mRNA in tubular epithelial cells in the renal medulla after LPS injection ( Figs. 3 and 4) , consistent with previous work showing an LPSmediated reduction of u-PA mRNA and enzymatic activity (51) . The LPS-induced decrease in u-PA expression may also contribute to fibrin deposition in peritubular microvessels. These experiments also revealed that TF mRNA was induced primarily in the renal cortex ( Fig. 3) and that the responsible cells for the induction of TF mRNA were tubular epithelial cells (Fig. 4) . The increase in TF expression in the tubular cells may contribute to peritubular fibrin deposition in the kidney from endotoxemic mice. Our results are consistent with clinical observations that the major problems in gram-negative septic patients are renal and adrenal failure due to microthrombi in small vessels in these tissues. This pathology is also typically observed in Waterhouse-Friderichsen syndrome caused by meningococcal bacteremia (52) . Although the lung and liver are also commonly affected by microthrombi in DIC patients (53) and in DIC induced in animals by thrombin (54) , no fibrin was detected in these tissues in our studies (Fig. 6, A and C) . This difference may reflect the fact that in our model the mice were exposed to a single injection of endotoxin, while in the septic patients, endotoxin is continuously produced.
Of the four variables measured in this study, the major difference in tissues developing fibrin (i.e., the kidney and adrenal) compared with those that do not (i.e., the lung) was the decrease in u-PA mRNA. This observation suggests an active role for u-PA in fibrin surveillance, a hypothesis which is supported by the observation that u-PA-deficient mice occasionally developed mild spontaneous and significant inflammationinduced fibrin deposition in tissues, but t-PA-deficient mice did not (55). This observation is especially noteworthy given the classical view of t-PA as the primary fibrinolytic enzyme (18) . Moreover, these results indicate that the increase in the expression of PAI-1 and/or TF does not appear to be sufficient for fibrin deposition in tissues, although increases in both PAI-1 and TF expression appear to be necessary for fibrin deposition. These conclusions are based on the observation that no fibrin was detected in the liver of LPS-treated mice, in spite of the fact that PAI-1 mRNA increased over 200-fold (data not shown; 26). However, in this instance, TF mRNA also decreased by 80% (data not shown). Similarly, no fibrin was detected in the heart, even though PAI-1 mRNA was increased and u-PA mRNA decreased (Fig. 2) . Again, LPS caused a significant decrease in TF mRNA in this tissue.
The observations that t-PA was induced in most tissues by LPS, and that the only tissues that developed detectable fibrin after LPS injection were those with decreased u-PA, suggest that the absence of fibrin in some tissues after endotoxin administration may result from an active endogenous fibrinolytic system in those tissues. To test this possibility, mice were pretreated with EACA to inhibit fibrinolysis and then challenged with endotoxin. Although treatment of mice with EACA alone did not induce fibrin, treatment of mice with both EACA and LPS not only extended the number of fibrin-positive tissues considerably but also increased the duration of fibrin deposition ( Figs. 6 and 7) . These results are consistent with clinical reports of extensive thrombosis in DIC after EACA therapy (56) and of increased tissue injury due to thrombosis after EACA administration in experimental DIC (28). Thus, these results support the above hypothesis that the absence of LPS-induced fibrin deposition in some tissues is due to the removal of fibrin by ongoing fibrinolysis. Moreover, they suggest that defective endogenous fibrinolysis can potentiate local fibrin deposition in the tissues in septicemia.
In conclusion, these mRNA studies suggest that fibrin depo-sition in tissue-specific vasculature requires activation of the coagulation cascade through induction of TF gene expression, and suppression of the fibrinolytic system through increased PAI-1 and decreased u-PA gene expression in the tissue itself. However, it should be noted that we have assumed throughout that all of the mRNAs are equally translated in the various tissues, and there are no direct data to support this assumption. In fact, t-PA is translationally controlled in the primary mouse oocyte (57) , raising the possibility that differential translational control in tissues may dissociate the usual correspondence between mRNA and protein. Because of this, we have initiated similar studies to monitor changes in antigen expression in tissues from LPS-treated mice. It is also likely that other molecules will influence the balance between coagulation and fibrinolysis. In this regard, TF pathway inhibitor should be evaluated as well since it controls TF activity (58) and reduces mortality from septic shock (59) . In any case, our data suggest that delineation of changes in the expression of procoagulant and fibrinolytic genes in a variety of pathological conditions in vivo will provide further insights into mechanisms that contribute to vascular diseases, including thrombosis. Mice injected with saline alone or EACA alone also were killed at 3 h after injection as controls (0 time point) in each group. Serial sections from three adult CB6 mice in each group were analyzed by immunohistochemistry for fibrin as described in Methods. Quantitation was achieved by counting the number of fibrin-positive fields in a total of 30 microscopic fields in each tissue section (ϫ400). A positive field is defined as a field that contains at least three positive spots for fibrin deposition. Average number of positive fields for fibrin was plotted at each time point.
